[1] We present the results of a combined U-series isotope and numerical modeling study of the 1912 Katmai-Novarupta eruption in Alaska. A stratigraphically constrained set of samples have compositions that range from basalt through basaltic andesite, andesite, dacite, and rhyolite. The major and trace element range can be modeled by 80-90% closed-system crystal fractionation over a temperature interval from 1279°C to 719°C at 100 MPa, with an implied volume of parental basalt of ∼65 km 3 . 230 Th) ratios in the basalt to andesite compositional range requires that these were generated less than several thousand years before eruption. Residence times for dacites are close to 8000 years, whereas the rhyolites appear to be 50-200 kyr old. Thus, the magmas that erupted within only 60 h had a wide range of crustal residence times. Nevertheless, they were emplaced in the same thermal regime and evolved along similar liquid lines of descent from parental magmas with similar compositions. The system was built progressively with multiple inputs providing both mass and heat, some of which led to thawing of older silicic material that provided much of the rhyolite.
Introduction
[2] Volcanoes provide a visually stunning testament to the existence of the Earth′s thermal engine, and there is joint public and scientific interest in volcanoes, both as a natural hazard and as a window into the primary mechanism of the Earth′s differentiation. Large-volume, caldera-forming, highsilica, pyroclastic rhyolites are the most destructive volcanic eruptions on Earth. They typically erupt at high temperatures and emit large volumes of H 2 O, H 2 S, SO 2 and CO 2 that have a demonstrable influence on global climate [Robock and Mao, 1992] . The high SiO 2 and volatile contents in these eruptions suggest these magmas represent the products of extended magmatic differentiation, yet exactly how such large and potentially explosive magma volumes are formed remains enigmatic. Several decades of field and fluid dynamic research [e.g., Turner and Campbell, 1986] have identified three increasingly well-defined models: the evacuation of long-lived, zoned magma chambers [Hildreth, 1981] generated largely by crystal fractionation [Bacon and Druitt, 1988] ; the re-melting of granitic plutons by intrusion of basaltic magmas [Huppert and Sparks, 1988] ; and the shallow-level interaction of magmas of contrasting composition just prior to eruption [Eichelberger and Izbekov, 2000] . More recently, Annen et al. [2006] have considered the extent to which injection of basalt combined with partial melting and mixing in the lower crust might produce intermediate and silicic magmas. Price et al. [2005] and Reubi and Blundy [2009] have also argued that intermediate composition magmas in many systems reflect mixing between mafic and silicic melts. All these models differ in the predicted relations between different magma types, and in the time scales of magma formation and residence underground. Thus, short-lived (U-series) isotopes and numerical thermal models, combined with the results of detailed field work, provide an opportunity to now test these models in ways that were less possible when they were originally proposed. Quantifying the rates of magma build-up may provide useful insights into present preeruptive conditions that may aid predictions of future volcanic activity.
[3] Our knowledge of the processes that occur in magma chambers stems largely from the study of their erupted volcanic products, since plutons provide, at best, only a timeintegrated view of the solidified remains of magma chambers [e.g., Brown and Rushmer, 2006] . In particular, the zoned deposits of large pyroclastic eruptions and the inference that these deposits represent the inverted stratigraphy of underlying magma chambers have been the basis for models in which magma chambers develop compositional layering. Most notably, Hildreth [1981] presented evidence that these deposits could be derived from long-lived, thermally and compositionally stratified magma chambers maintained and fed from below by mantle-derived magmas. The notion of long-lived, layered magma chambers has become somewhat of a paradigm extrapolated to many zoned, pyroclastic deposits.
[4] Radiogenic isotopes and trace element ratios have been widely used to distinguish comagmatic suites. However, with the addition of U-series isotope analyses it is now possible to distinguish magmas that may have similar bulk compositions but different ages on time scales of 10 2 -10 5 years [e.g., Hawkesworth et al., 2000] . This offers the opportunity of exciting new insights into the dynamics of magma systems from the variations in composition and preeruption ages within zoned eruptive units. The increasing sophistication of numerical models has also highlighted that a key discriminator of the different models is the predicted timescale of magma formation and residence underground. Zoned magma chambers tens to hundreds of square kilometers in size require 10 4 -10 5 years to form and become stratified in a stable manner [Trial and Spera, 1990; Wolff et al., 1990] . Once stratified, the chambers could, in theory, remain unmixed for 10 5 -10 6 years [Oldenburg et al., 1989] . However, such models require particular thermal conditions, since plutonsized bodies will also cool on a time scale of 10 4 -10 5 years [Spera, 1980] . Remelting of preexisting granitic plutons, on the other hand, is predicted to occur on markedly shorter time scales of 10 2 -10 3 years [Huppert and Sparks, 1988] , and in this model the more mafic magmas are likely to have contrasting trace element and isotope signatures. More controversially, it has been suggested that some zoned, highsilica eruptions reflect the injection of rhyolite into an andesitic magma chamber [Eichelberger and Izbekov, 2000] , in which case the silicic magma could have a shorter crustal residence time than the andesite with no genetic link predicted between them. Finally, the "hot zone" model predicts incubation over 0.1-10 Myr with little U-series disequilibria predicted unless the melts contain significant recent contributions from the mantle [Annen et al., 2006] .
[5] Much of the debate has centered around the interpretation of controversial long residence times inferred for highsilica magmas at Long Valley where Rb-Sr isochron evidence for magma residence times of up to 0.7 Myr seemed to strongly support the long-lived chamber paradigm [Halliday et al., 1989] . However, Sparks et al. [1990] strongly questioned the interpretation of these isochrons, invoking instead the remelting of 0.7 Ma plutons sometime in the previous few hundreds to thousands of years [Huppert and Sparks, 1988] . This ongoing controversy has led to numerous attempts to verify the residence times of the Long Valley high-silica magmas and the development of some intermediate models [Halliday et al., 1989; Sparks et al., 1990; van den Bogaard and Schirnick, 1995; Davies and Halliday, 1998; Christensen and DePaolo, 1993; Mahood, 1990; Hildreth and Wilson, 2007] . However, the compositional range of the deposits studied at Long Valley does not include more primitive rocks that could be the parental magmas in the zoned magma chamber model, the heat source in the re-melting model, or the resident magma in the shallow interaction model. Moreover, these rocks are too old for short-lived U-series isotope studies and the only natural laboratory of a zoned magmatic system in which the full complement of radiogenic isotopes, numerical predictions and U-series isotopes can be applied is the Katmai-Novarupta eruption of 1912.
[6] Accordingly, we have undertaken an integrated radiogenic and U-series isotope and numerical thermal modeling study of a stratigraphically constrained section through the Katmai-Novarupta deposits. Clasts of andesite, dacite and rhyolite are present at most stratigraphic levels [Hildreth and Fierstein, 2000] and these were individually analyzed to investigate the scale of temporal variations in the magmas prior to eruption and the time scales over which they are interrelated.
The Katmai-Novarupta 1912 Eruption
[7] In June 1912, the biggest and one of the most compositionally diverse eruptions of the last century took place in the Katmai group of volcanoes on the Alaska Peninsula (Figure 1 ). In the space of 60 h, 13 km 3 of rhyolite, dacite, and andesite magma were explosively ejected, producing an ash cloud covering 77,000 km 2 that extended as far east as Greece and filled the Valley of Ten Thousand Smokes. The eruption was larger than the 1883 Krakatau eruption, releasing more HCl than Mount St. Helens in 1980, as much H 2 SO 4 as the Minoan eruption of Santorini, and producing 250 times more seismic energy than Pinatubo in 1991 [Westrich et al., 1991; Hildreth and Fierstein, 2000] . The Pinatubo eruption reduced northern hemisphere temperatures by 0.2°C, having a similar effect to that of El Niño [Rampino and Self, 1984] . Although the eruption took place from a vent at the site of the present-day Novarupta dome (Figure 1) , it involved lateral magma transport from the summit of Mount Katmai, 10 km to the east, which started to collapse some 11 h after the onset of the eruption to form a 5.5 km 3 caldera [Hildreth and Fierstein, 2000] . [8] Detailed stratigraphic studies by Fierstein and Hildreth [1992] and Fierstein and Wilson [2005] have divided the eruption into three main episodes. During episode 1 (8.8 km 3 ), the onset of the eruption was marked by the plinian dispersal of 3 km 3 of high-silica, crystal-poor rhyolitic magma (layer A). This was followed by a gradual increase in the proportions of dacitic and andesitic material (layer B), leading to a progressive shift from bulk rhyolite pumice through to andesite scoria in the resulting zoned ignimbrite sheet emplaced in the Valley of the Ten Thousand Smokes. Episode 2 (4.8 km 3 ) began after a brief lull with a plinian eruption of more phenocryst-rich andesite and dacite (layers C and D). Subordinate rhyolite was deposited in the Figure 1a [after Hildreth and Fierstein, 2000] . lower part of layer C but was very sparse thereafter. After another brief lull, episode 3 (3.4 km 3 ) deposited plinian dacite layers F and G. Layer H is a postplinian ashfall deposit. Figure 2 illustrates how the proportions of rhyolitic (55%), dacitic (35%), and andesitic (10%) clasts changed systematically during the eruption. The total 17 km 3 of fall deposits correspond to ∼13 km 3 of magma [Fierstein and Wilson, 2005] .
[9] Previous activity in the area dominantly involved Holocene andesitic magmatism [Hildreth and Fierstein, 2000] down to 2.5 ka, suggesting that it may have taken at least a couple of thousand years to develop the 8 km 3 of volatile-rich, high-silica rhyolite which is unique to the 1912 eruption. The crystal-poor nature of the high-silica rhyolite is striking, and one interpretation is that it was a residual liquid extruded from an andesite-dacite mush [Hildreth and Fierstein, 2000] . Degassing might have been restricted by eruption through relatively impermeable Naknek Formation sediments, leading to the explosive nature of the eruption. All other eruptions in the area occurred through rocks of higher permeability and by contrast were largely effusive [Hildreth and Fierstein, 2000] .
[10] As summarized by Hildreth [1983] , the andesites and dacites are 30-50% composed of phenocrysts of plagioclase, orthopyroxene, augite, and oxides in the proportions 5:2:1:1, with minor olivine found in some andesite clasts. In contrast, the rhyolites are 1-3% composed of phenocrysts of quartz, plagioclase, orthopyroxene, and opaques in the proportions 5:5:2:1. Overall, the SiO 2 contents of the clasts range discontinuously from 50 wt %-77 wt %, with a silica gap that is 68 wt %-76 wt % SiO 2 . However, the continuous variation in Fe-Ti oxide temperatures and redox in the three magma types (Figure 3 ) led Hildreth [1983] to suggest that the zoned eruption had been fed by a single, layered magma chamber beneath Katmai. Moreover, interstitial glass in the andesite is similar to the composition of the bulk dacite, and the glass in the dacite is nearly identical to the bulk rhyolite. However, there is no evidence that the dacite reflects mixing between the rhyolite and andesite end-members [Hildreth and Fierstein, 2000] .
[11] Experimental work on erupted materials from the 1912 eruption suggests that under H 2 O-saturated conditions the andesite and dacite were stored at 930°C -960°C and 100-75 MPa and 850°C-880°C and 50-25 MPa, respectively [Hammer et al., 2002] , while the rhyolite was held at 800°C-850°C at 100-40 MPa [Coombs and Gardner, 2001] . Thus, magma storage was at very shallow depths (1-5 km) before eruption. However, if all three magmas were H 2 O-saturated, then the rhyolite would have resided deeper and thus would have been laterally displaced from the andesite and dacite [Coombs and Gardner, 2001; Hammer et al., 2002] . Alternately, if the andesite and dacite were H 2 O-undersaturated, it is possible that all three magmas coexisted in a single vertically zoned magma chamber [Coombs and Gardner, 2001; Hammer et al., 2002] . This is consistent with the model proposed by Hildreth and Fierstein [2000] having an elongate flattened chamber, 1.3 km deep, 2 km across, and 5 km long, holding 13 km 3 of erupted magma. This chamber was also inevitably underlain by an unknown volume of unerupted cumulate mush (Figure 1b) .
[12] In previous U-series isotope work, George et al. [2003] , Reagan et al. [2003] , and Turner et al. [2004] have all presented preliminary U-series isotope data from some of the Katmai Group volcanics. Reagan et al. [2003] used U-Th isotope data to suggest that the generation of the Katmai rhyolite occurred by fractionation of andesite magma combined with assimilation of preexisting intrusives over >10 5 years. Turner et al. [2004] presented 210 Pb data from the 1958 eruptions of nearby Mount Trident that indicated [after Hildreth, 1983] . Water contents (squares) are from Westrich et al. [1991] . the presence of magma that had been undergoing shallowlevel degassing for about a decade prior to eruption, and this is consistent with seismic evidence for the present-day presence of magma in the area [Ward et al., 1991] .
Sample Details and Analytical Techniques
[13] The majority of the 28 samples analyzed are a subset of a stratigraphically constrained suite for which major and trace element concentrations were previously determined using methods described elsewhere [e.g., Fierstein and Hildreth, 1992] . They include three near-vent scoria fall samples from the S bed described by Fierstein et al. [1997] and one sample from the lava dome at Novarupta. We also included a sample of the Naknek Formation sediments (sample AM23 from Lowenstern and Mahood [1991] ) as a potential contaminant. Sr and U-Th-Ra isotopes were analyzed, either at the University of Bristol, following methods outlined by George et al. [2003] , or at Macquarie University using the protocols described subsequently.
[14] At Macquarie University, Sr isotopic analyses used ∼100 mg of powdered sample that was dissolved using HF-HNO 3 in a heated Teflon pressure bomb. Sr fractions were separated using a cationic column and loaded onto single Re filaments and analyzed in static mode on a ThermoFinnigan Triton® TIMS. Th alternating on IC0, as described in full detail in Sims et al. [2008] . Accuracy (<0.3%) and precision (<0.1%) were assessed by regular analyses of the U010 and ThA solution standards. Multiple analyses of the secular equilibrium rock standard [Sims et al., 2008] .
[16] Ra was taken from the first elution from the anionic column and converted to chloride using 6N HCl. This was then loaded in 3N HCl onto an 8 ml cationic column and eluted using 3.75M HNO 3 and the process repeated on a scaled-down 0.6 ml column. Ra and Ba were then chromatographically separated using ElChrom® Sr-spec resin™ and 3N HNO 3 as elutant in a 150 ml procedure. Samples were loaded onto degassed Re filaments using a Ta Th) = 1.002 ± 0.008 that is within error of secular equilibrium.
Results
[17] Complete data for the samples analyzed are presented in Table 1 and supplemented in some of the figures by data from basaltic andesite obtained from Novarupta dome (97ND02), as published by George et al. [2003] , and data from another basaltic andesite (K851), as published by Reagan et al. [2003] . The samples range in SiO 2 from a single, nearly primitive basalt (50.4 wt % SiO 2 and 11.4 wt % MgO) and two basaltic andesites through the andesite-dacite continuum and across a silica gap (68 wt %-77 wt % SiO 2 ) to rhyolites that reach up to 77.7 wt % SiO 2 (Figure 4a ). Over this silica range the corresponding MgO and FeO* contents decrease from 11.43 wt % to 0.02 wt % and 10.6 wt % to 1.3 wt %, respectively. CaO decreases and K 2 O increases with decreasing MgO, whereas FeO* ( Figure 4b ) and Al 2 O 3 , Na 2 O, and P 2 O 5 (not shown) form curvilinear trends against MgO. Figure 4c shows that Al 2 O 3 initially increases and then decreases with decreasing CaO. Across this compositional range, concentrations of compatible trace elements such as Sc decrease while incompatible element concentrations increase. In contrast, Ti, Zr, Sr, and Eu exhibit inflected trends that are initially increasing and then constant or decreasing in concentration with increasing SiO 2 (not shown). The overall incompatible trace element variation is illustrated on normalized incompatible element diagrams in Figure 5 which show a general parallelism and patterns typical of arc rocks from the Aleutians and elsewhere, with peaks in fluid-mobile elements (e.g., Ba, U, Sr, and Pb) and depletions in immobile elements such as Th, Nb, and Ti.
[18] Sr isotopes were measured on samples chosen to encompass the major element compositional range. The new 87 Sr/ 86 Sr data expand the previously reported restricted range [Hildreth and Fierstein, 2000] Figure 6a ). The Naknek sample was a sandstone with generally low incompatible element In Inferred Stratigraphic Order from bottom to top of the sequence; major elements are in wt % and trace elements are in ppm unless otherwise specified; n.d., not determined. shaded, and open circles designating the basalt-andesite, dacite, and rhyolite compositional ranges, respectively, are used in this and subsequent figures). Note that the curvature of the trends precludes models involving pure two-endmember mixing. Also shown are the results of a four-stage least squares model of fractional crystallization (see Table 2 ) and the results of MELTS modeling at 0.1 GPa (shaded line) and 0.5 GPa (dashed shaded line). Sr/ 86 Sr ratio of 0.70480. We accept that this is a single sample; the Naknek Formation overall is likely to be significantly more isotopically diverse.
[19] Glassy pumice clasts are susceptible to surficial alteration that can lead to loss of 234 U situated in recoil-damaged sites. However, all but one of the samples analyzed has ( 234 U/ 238 U) within 2s analytical error (6 ‰) of 1 ( [George et al., 2003] . The new U-Th isotope data are also in excellent agreement with earlier Katmai data reported by Reagan et al. [2003] . On a U-Th equiline diagram (Figure 7a) , the basalt and basaltic andesites lie to the left of the equiline with 5-7% 230 Th excess. While this is unusual in oceanic arcs, it is relatively common in arcs developed on thicker crust such as the Alaskan Peninsula [e.g., George et al., 2003] . In all other respects, these more mafic rocks have the typical arc signature characterized by other Katmai rocks. In contrast, the andesites and dacites have up to 3% 238 U excesses and form an array extending from and to the right of the equiline. Excepting the Novarupta Dome sample and the rhyolites, the bulk of the samples in the basalt to dacite compositional range scatter about the 40 kyr reference line for Katmai andesites and dacites observed by Reagan et al. [2003] . Finally, the rhyolites have some of the Table 1 and also fractional crystallization combined with assimilation (AFC) of both the Naknek sediment and silicic material assumed to have the composition of rhyolite K1000a (ticks indicate increments of 10% crystallization; r, the rate of crystallization to assimilation, was set at 0.3). Inset shows an expanded scale to include the rhyolites. The bulk partition coefficients (D Sr = 1.021, D Rb = 0.046) were calculated from the data in Table 3 assuming a fractionating assemblage composed of 60% plagioclase, 30% pyroxene, 9% magnetite, and 1% apatite. [20] The first Ra data from Katmai are presented in Th) values (1.07-2.52). This range is similar to that (1-2.2) reported for all Aleutian and Alaskan arc front volcanoes [George et al., 2003 [George et al., , 2004 Ra data imply that the andesite-dacite array is not a 40 kyr isochron representing an instantaneous fractionation event, but an array that must have been generated by a process or processes operating over a variety of timescales.
Geochemical Modeling
[21] The products found in the Valley of Ten Thousand Smokes come from one of the most studied eruptions on Earth, so it is surprising that these products have received little quantitative geochemical treatment. Given the historical development of ideas, we begin by assessing the extent to which the simplest closed-system model can account for the data and then show how both long-and short-lived isotopes and numerical thermal models require an open-system.
Major Elements
[22] The major element, trace element, and Sr isotope trends are consistent with the variation being dominated by fractional crystallization, and we chose in the first instance to model this using a simple least squares numerical approach. The results, including phase compositions and proportions, are documented in Table 2 and illustrated in Figure 4 , showing that it is possible to broadly simulate the suite in four successive stages of crystallization from basalt (K0543) to basaltic andesite (K0851) to andesite (K0581) to dacite (K1267c) and finally to rhyolite (K1000a). The minimization used mineral compositions obtained from the andesites [Hildreth, 1983, and unpublished data] . b Core compositions from K101 dacite [Hildreth, 1983, and unpublished data] .
and dacites themselves [Hildreth, 1983 [Hildreth, , also unpublished data, 2009 . The fractionating assemblage is essentially gabbroic and involves apatite in the final two steps, consistent with a rapid decrease in P 2 O 5 between the dacites and the rhyolites (not shown). The calculated mineral proportions differ somewhat from the modal assemblages in the rocks, but the latter can be partly entrained during magma migration [Price et al., 2005] and are clearly not the crystals that separated from the liquids to produce the bulk compositional range. The calculations yielded very satisfactory fits (sums of residuals squared <0.1), bearing in mind the very large compositional range being simulated (see Table 2 ).
[23] To calibrate the temperatures of the system at differing degrees of fractionation for eventual use in constraining the potential timescale of crystallizing the Katmai magma body, we next used the MELTS software algorithm [Ghiorso and Sack, 1995; Asimow and Ghiorso, 1998 ]. The starting composition was the composition of basalt K0543, and we used 25°C steps between the calculated liquidus (1279°C) until rhyolitic compositions were achieved near the solidus at 794°C. Additional input parameters were an oxygen fugacity buffered at QFM +2 log units, which is consistent with the fO 2 values calculated using coexisting oxides for the Katmai ejecta (Figure 3) , and a pressure of 0.1 GPa, which is in line with the experimental findings of Coombs and Gardner [2001] and Hammer et al. [2002] . The starting basalt was assigned 0.8 wt % H 2 O, and this led to calculated H 2 O contents of 1.5 wt % in the andesite, 2.2 wt % in the dacite, and 3.8 wt % in the rhyolite, which is closely consistent with the melt inclusion observations of Westrich et al. [1991] (see Figure 3 ). As noted by Westrich et al. [1991] , these H 2 O contents would lead to saturation of the andesites, dacites, and rhyolites at depths of 4, 2, and 0.5 km, respectively.
[24] Figure 8 shows the extent of crystallization and change in SiO 2 versus temperature drop calculated by the MELTS model. The liquidus of the K0543 was determined to be 1279°C. Half of the crystallization occurs over a 150°C temperature interval from 1144°C-994°C that corresponds to the evolution of the predicted liquid composition from basaltic andesite to dacite (51 wt %-66 wt % SiO 2 ). Interestingly, the rate of crystallization increase per°C is significantly lower across the range of 68 wt %-77 wt % SiO 2 , so the origin of the silica gap probably reflects the physics of extraction of interstitial liquid from a crystal mush or eutectic remelting of silicic rocks.
[25] In Figure 8b , we also compare the SiO 2 -temperature relationship from the MELTS model, with the oxide temperatures from Hildreth [1983] shown in Figure 3 , as well as water-saturated liquidus temperatures for andesite, dacite, and rhyolite, experimentally constrained by Coombs and Gardner [2001] and Hammer et al. [2002] . The temperatures predicted by MELTS are somewhat higher than the range measured using groundmass oxides from the andesite. The water-saturated experimental liquidus for the andesitic composition is 55°C-35°C lower than the significantly water-undersaturated MELTS model. The comparison for the dacite is better, and the agreement of the MELTS and oxide temperatures for the rhyolite, which is nearly aphyric, is excellent. The experimental and calculated liquidus temperatures for the rhyolite and dacite compositions are nearly identical, which are water saturated and nearly water saturated, respectively, in the MELTS models. Thus, MELTS appears to do a reasonable job in simulating the energy constraints of the system, providing confidence to use the extent-of-crystallization versus temperature function in the numerical thermal models described subsequently.
[26] Although it was not our primary purpose, the calculated liquid line of descent from the MELTS model is also compared with the whole rock data in Figure 4 . The simulation is generally satisfactory through the intermediate magmas, bearing in mind the extreme compositional and crystallization range being simulated. However, MELTS is known to work less well for minimum melt compositions. Thus, at very high degrees of crystallization (required to generate the rhyolites) the MELTS model overestimated the SiO 2 content and underestimated the Al 2 O 3 and alkali contents of the rhyolites because of feldspar crystallization that may be unrealistically extensive. FeO* is also underestimated across the andesite-dacite compositional range because of the rapid removal of magnetite near 1100°C by the MELTS program. In light of the imperfect fit of this MELTS model to the data, we chose to use the phase proportions and extents of crystallization from the least squares modeling in the trace element modeling described in section 5.2.
[27] Although the experimental studies indicate a shallow level origin for the evolution of the Katmai eruptives, it is conceivable that these simply reflect the last pressure of equilibration (i.e., shallow-level assembly) of magmas whose bulk composition was determined at greater depth. For example, Annen et al. [2006] have suggested that some intermediate to silicic arc magmas are produced in lower crustal hot zones. For the Katmai products, the lack of depletion in the heavy rare earth elements (see Figure 5 ) clearly precludes a lower crustal origin, since garnet will be stable at these depths. Evolution at midcrustal levels is harder to assess, but MELTS modeling of crystallization performed at 0.5 GPa provided significantly poorer fits to the data (see Figure 4 ) than the 0.1 GPa model. This is due to the early onset of orthopyroxene crystallization and subsequent orthopyroxene-plus-clinopyroxene crystallization, which causes SiO 2 concentrations to initially decrease and then rapidly increase when magnetite begins to fractionate. Higher pressures also lead to the late onset of plagioclase crystallization, which elevates concentrations of Al 2 O 3 above those observed in the Katmai samples (Figure 4c ). The high modal pyroxene in the crystallizing assemblage along the entire liquid line of descent also causes greater enrichment in incompatible element abundances at a given SiO 2 concentration in the 0.5 GPa model than that observed in the Katmai samples (Figure 4a ). The sharp variations in the slope of FeO* concentrations, when plotted against measures of fractionation such as MgO (Figure 4b) , contrast with the consistent changes in slope observed for Katmai lavas. This contrast implies that some internal mixing in the basalt through andesite compositional range could have occurred. However, the closer fit of observed compositional trends and the model trends at 0.1 GPa, as compared to the trends at 0.5 GPa, suggests that the bulk compositions of the Katmai magmas were not formed in the deep or even middle crust but rather at shallow depths.
[28] In both the least squares and the MELTS models, the total extent of crystallization from basalt K0543 to rhyolite K1000a is 80-90%, and so for an erupted rhyolite volume of 7.2 km 3 , the implied volume of parental basalt is of the order of 65 km 3 . Evolution from an andesitic composition (e.g., K0581) requires only 59% crystallization and a calculated volume of 17 km 3 , similar to that estimated by Hildreth and Fierstein [2000] .
Trace Elements
[29] In order to further test the major element modeling, the phase proportions and extents of crystallization from the least squares models were combined with the published partition coefficient data listed in Table 3 in a Rayleigh fractional crystallization simulation of the incompatible trace element variation across the suite. Separate partition coefficients for the basalt-to-dacite and dacite-to-rhyolite stages were taken from Rollinson [1993] with the following exceptions. The clinopyroxene rare earth-element partition coefficients were calculated following the method outlined by Wood and Blundy [1997] . For U and Th the plagioclase partition coefficients were taken from Blundy and Wood [2003] , while their inferred Ra partition coefficient of 0.03 lies in the range determined experimentally by Miller et al. [2007] and Figure 8 . Plots of (a) extent of crystallization and (b) SiO 2 versus temperature for the Katmai system from the MELTS modeling. The curve on Figure 8a shows the fit of the parameterized crystallization function from section 7 to the MELTS output (black diamonds). In Figure 8b , the shaded boxes indicate the temperature ranges for andesite, dacite, and rhyolite obtained from Fe-Ti oxide thermometry [Hildreth, 1983] . Horizontal lines indicate the experimentally determined (H 2 O-saturated) liquidus temperatures for the andesite, dacite, and rhyolite from Hammer et al. [2002] . For the dacite, the experimental temperature is shown as a arrow indicating the minimum appropriate temperature for this composition. Fabbrizio et al. [2009] . Bulk pyroxene U and Th partition coefficients were derived from measured bulk pyroxene data from Katmai andesite and dacite [Reagan et al., 2003] which were adjusted for glass contamination and guided by the lattice-strain model of Blundy and Wood [2003] . The apatite partition coefficients represent the averages of samples 77 and 61B analyzed by Prowatke and Klemme [2006] .
[30] The results of the trace element modeling are compared with the observed trace element compositions of samples K0581, K1267c, and K1000a in Figure 8 . Although some elements were better modeled than others, the general shape of the patterns was reasonably well approximated in each stage. This provides validation that the overall extents of fractionation and the resultant volume calculations determined from the major element treatment are reasonably robust. In detail, there are discrepancies present for some elements like Ti, Zr, and P which probably reflect some combination of errors resulting from the partition coefficients chosen and the phase proportions from the least squares modeling. For example, inflections in both Zr and P 2 O 5 concentrations around 65 wt % SiO 2 (not shown in Figure 8 ) suggest the onset of accessory phase crystallization in the magmas. Apatite is commonly found in thin section, whereas zircon is generally not. Nevertheless, the zircon saturation calculations [Watson and Harrison, 1983] indicate that the rhyolites would crystallize zircon at a temperature <900°C that is significantly hotter than that inferred for these rocks in the experiments of Coombs and Gardner [2001] and in the MELTS model presented above. Thus, zircon should have [2006] , and the compilation by Rollinson [1993] . Ba, Ra, Th and U values for pyroxene are based on measured bulk pyroxene data from Reagan et al. [2003] , adjusted for glass contamination, and guided by Blundy and Wood [2003] .
crystallized over an interval of up to 100°C, and we note that Lowenstern [1993] has observed tiny zircon crystals adhering to quartz phenocrysts in the rhyolite. Irrespective of these caveats, the trace element modeling concurs with the major element results since both show that closed-system fractionation can explain much of the variation in Katmai magma compositions.
Sr Isotopes
[31] Despite the observation that a simple fractional crystallization model does a good job at explaining the firstorder variation in the compositional data, the new Sr isotope results preclude production of the different Katmai rocks via closed-system differentiation of a common parental magma. Moreover, as the hypothetical evolutionary paths sketched on Figure 6a illustrate, there is no single liquid line of descent that can link all of the products. Some form of mixing or coupled assimilation and crystal fractionation (AFC) is required by the basalt-andesite array. The rhyolites could then be produced by fractional crystallization from the most radiogenic andesites, whereas the dacites could be produced either by fractional crystallization, from magmas with Sr isotope compositions like the less radiogenic basaltic andesite parents, or by back-mixing between the rhyolites and the basaltic andesites (see Figure 6a ). An alternative scenario is one in which the system is built up over time by multiple injections of magmas [e.g., Jellinek and DePaolo, 2003; Annen et al., 2008] [Hildreth and Fierstein, 2000] , and older silicic material. In a model of progressive magma chamber build-up [e.g., Annen et al., 2008] , this could represent recently solidified fractionated magma that evolved from earlier injections of mafic magma. Such material would accordingly be anticipated to be similar in composition to the erupted rhyolites [Reagan et al., 2003] . Evidence for the involvement of solidified silicic rocks is provided by the presence of granitic clasts in the final ejecta around Novarupta dome [Hildreth and Fierstein, 2000] .
[33] Two-end-member mixing will be linear on the 87 Sr/ 86 Sr versus Rb/Sr plot on Figure 6b , and a mixing vector between the basalt and a Naknek sediment composition completely misses the Katmai data array. The inset to Figure 6b shows that simple mixing between the primitive basalt and the rhyolites cannot account for the composition of the dacites, nor can back-mixing between the rhyolites and andesites (banded pumice fragments indicate that magma mingling, rather than magma mixing, occurred [Hildreth and Fierstein, 2000] . In any case, the curvilinear trends observed for several major and trace elements (compare with Figures 4b and 4c ) preclude simple two-end-member mixing models that may be important in other arc volcanic systems [e.g., Price et al., 2005; Reubi and Blundy, 2009] .
[34] One potential explanation for the variation in the Sr isotopic compositions in Katmai lavas is assimilation during fractional crystallization (AFC). In Figure 6b we show the results of AFC modeling [DePaolo, 1981] using both the Naknek sediments (AM23 from Table 1 ) and a rhyolite as potential contaminants (we chose sample K1000a for this purpose). Bulk partition coefficients (D Sr = 1.021; D Rb = 0.046) were based on the trace element modeling described previously (see Table 3 ). As can be seen, assimilation of the Naknek sediments during fractional crystallization can account for increasing 87 Sr/ 86 Sr among the basalt-andesite array. The rate of assimilation to fractional crystallization (r) was chosen to be 0.3, as inferred to be typical of many magmatic systems. Note that because the Naknek sediment has a broadly similar composition to the dacites (see Table 1 ), moderate amounts of assimilation will not significantly affect the major element composition of the Katmai magmas. Replication of the 87 Sr/ 86 Sr ratios of the rhyolites and some of the dacites requires an additional and subsequent period of closedsystem fractional crystallization. Alternatives to account for the composition of the andesites and dacites include AFC involving silicic material followed by contamination by the Naknek sediments (see Figure 6b) Sr. Narrowing the possibilities between these sequences of events is possible using the U-series data.
U-Series Constraints and the Time Scales of Magmatic Evolution
[35] It is generally accepted that U-series disequilibria in young volcanic rocks are inherited from the mantle, and convergent margin volcanic rocks typically preserve U-Th-Ra disequilibria produced by fluid addition to their source regions . The U-series data presented here span a significant compositional range for an individual eruption and support the Sr isotope evidence for open-system magmatic evolution beneath Katmai. As noted in many previous studies, closed-system fractionation in the absence of significant modal proportions of accessory phases has a limited ability to fractionate U/Th ratios because both elements are highly incompatible. This is well illustrated by the calculated 90% fractionation vector in Figure 9a . An inescapable consequence is that internally differentiated products from closed systems are predicted to show little or no variation in U-Th isotopes, and this is clearly not the case at Katmai. The data therefore requires either input of magmas with variable U/Th ratios, assimilation of a material with high U/Th, or fractionation of accessory phases with D Th > D U .
[36] We explore this by transposing the same mixing and AFC models discussed previously onto the U-Th equiline and ( 226 Ra/ 230 Th) versus Th concentration diagrams shown in Figure 9 . As for Figure 6b , two-end-member mixing is linear on the U-Th equiline diagram. However, mixing with the Naknek sediment or silicic plutonics is precluded by the Sr isotope-Rb/Sr relationships shown in Figure 6b . The two models of AFC, followed by subsequent bulk mixing with the Naknek sediment that could satisfactorily explain the Sr isotope data on Figure 6b , are also plotted in Figure 9 . It is clear from Figure 9a , assuming the basalt as a starting composition, that AFC involving the Naknek sediment cannot account for the data, leading instead to a negative sloped trend.
[37] AFC involving silicic material does a better job at simulating the data, producing a positive trend that encompasses much of the U-Th range of the basalt-andesite array (see Figure 9a) . However, it does not reach the compositions of the dacites or rhyolites and extrapolation of this AFC curve would pass above the data at significantly higher ( 230 Th/ 232 Th). The reason for this is that the low partition coefficients for U (and Th) do not allow the full U/Th range of the data to be reproduced. An additional AFC model using higher partition coefficients, as shown in Figure 9a , can provide a better approximation to the full basalt-dacite compositional array (we return to the rhyolites later). Subsequent mixing with the Naknek sediment (compare with Figure 6b ) could explain the displacement of some of the samples below this model curve to lower ( 230 Th/ 232 Th). However, partition data for phases in intermediate to silicic magmas remain much less well constrained than in more mafic systems. The higher partition coefficients used in this model lie at the upper end of those typically measured as well as the ranges reported in compilations such as those by Rollinson [1993] ; they would likely require fractionation of an accessory phase with D Th > D U such as apatite, but not zircon. Whereas this scenario cannot be ruled out, if the variation in U/Th is related to assimilation of a high U/Th material and fractional crystallization, then U-Th should vary with measures of differentiation such as SiO 2 . While this appears to be broadly true of the 1912 ejecta, it is not true when one considers the compositions of lavas erupted from the geographically larger magmatic system. For example, an andesite lava erupted from Trident in 1959 has a U-Th composition that is more similar to the Katmai dacites, whereas the Falling Mountain and Cerberus dacite domes have compositions more akin to the Katmai andesites [see Reagan et al., 2003] .
[38] A more probable explanation for the variation in U/Th and Sr isotope ratios in the Katmai magmas is that the basaltic magmas feeding the system varied in composition with time ( Figure 10a ). In this scenario, variations in the major and trace element concentrations would remain dominated by fractional crystallization. However, U/Th and Sr isotope ratios changed because these ratios were higher for the earlier mafic magmas that differentiated to form the Katmai andesites, dacites, and rhyolites compared with those magmas more recently intruded into the system as represented by the erupted basalt and basaltic andesites. U-Th data for mafic lavas from the continental portion of the Aleutian arc show such variability [George et al., 2003] (Figure 6a and Table 1 ). The good correlation of U/Th with Ba/La (Figure 10b ) for Katmai ejecta also suggests that the magmas feeding this system had varying contributions from subducted components. These changes would need to have occurred on a timescale less than the lifetime of U-Th disequilibria (∼350 kyr) and they are thus unlikely to reflect changes in the thermal state of the subducting plate. However, they could reflect changes in subducted fluid contributions , or perhaps the assemblage of residual accessory phases in the slab that can control the contributions of Th and La relative to more fluid mobile elements like U, Sr, and Ba [e.g., Kessel et al., 2005; Klimm et al., 2008; Plank et al., 2009] .
[39] Our new 226 Ra disequilibria data, especially in the mafic rocks, provide even tighter constraints on the processes and timescales involved. Most critically, all of the andesites and several of the dacites have ( 226 Ra/ 230 Th) > 1, indicating that differentiation to generate some of the silicic magmas in the Katmai system occurred over a much shorter time frame than might be inferred from the U-Th data alone [cf. Reagan et al., 2003] . Overall, there is a general decrease in (  226 Ra/   230 Th) with the extent of differentiation, as indicated by increasing Th content (Figure 9b) . However, the samples with the largest 226 Ra-excess are not the basalt or basaltic andesite but the andesites (Table 1) , and the biggest increase in the Sr-isotope ratio is between the basalt and the basaltic andesites. Nevertheless, the highest measured values provide a reasonable maximum primary value for the input magmas, since higher ( 226 Ra/ 230 Th) ratios have not been observed in any other Aleutian lavas [George et al., 2003] . Therefore, the modeling shown in Figure 9b assumes an initial basaltic magma composition with a ( 226 Ra/ 230 Th) ratio of 2.5.
[40] As illustrated in Figure 9b , because both Ra and Th are highly incompatible, closed-system (instantaneous) fractional crystallization has little effect on ( Th) ratios than those measured in most of the Katmai samples (Figure 9b ). Subsequent mixing with the Naknek sediment could result in a shift below the AFC curves, as observed for many of the samples. However, the effects of the time taken for magmatic evolution are also likely to be important, and more specific constraints implied by the U-series data will be explored subsequently in this paper following a discussion of the thermal budget of the Katmai magmatic system.
Numerical Thermal Models
[41] The well-documented volumes of the 1912 eruption, combined with the geochemical and experimental constraints on their depth of origin, afford an excellent opportunity to compare the timescale constraints from a numerical modeling of a cooling magma chamber with those obtained from U-series isotopes. As for the major and trace element modeling, the simplest, end-member model is one in which the 1912 eruption products reflect closed-system differentiation of a magma body into a layered chamber. The minimum volume of this chamber is 13 km 3 , but it is highly likely that not all of the magma was erupted. The geochemical modeling presented in this section suggests that it would require some 90% fractionation to produce the rhyolite from the basalt. We therefore model magma volumes ranging from 15 to 65 km 3 encompassing a range in erupted to nonerupted magma ratios of 0 to 5, which is broadly consistent with the findings of Crisp [1984] .
[42] The way a magma chamber cools reflects a number of processes, including the thermal structure of the surrounding crust, its history of replenishment, the sequence of crystallization, and the chamber shape and way convective processes both within and outside the chamber facilitate redistribution of heat [Spera, 1980; Brandeis and Jaupart, 1986; Marsh, 1988; Annen et al., 2008] . Our objective is not to explore all of the contributory processes, many of which lack adequate constraints (such as the magma supply rate [Annen et al., 2008] ). Rather, we are interested in establishing limiting bounds on the cooling of magma chambers of the size appropriate to Katmai.
[43] The thermal budget of a cooling magma chamber is significantly affected by the latent heat released during crystallization, for which our geochemical modeling provides robust constraints, so we aim to establish upper bounds on likely crystallization timescales, explicitly incorporating the crystallization history. We focus our analysis on the cooling of a spherical stagnant magma chamber as a reference case. We also consider the likely effect of different aspect ratios and the role that convective process within the magma chamber may play in accelerating cooling relative to this reference case.
[44] We approximated the MELTS-derived crystallization history using a series of Gaussian functions of the form
Our fit, which deviates from the MELTS model by at most a few degrees (see Figure 8a ), has three Gaussian terms, with the parameters listed in Table 4 .
[45] A key parameter in the cooling history is the temperature of the surrounding crust. In view of the shallow depths of the magma chamber, between 1 and 5 km and likely 2-3 km [Hammer et al., 2002] , we consider a temperature range of 100°C-500°C. The likelihood is that wall rock temperatures were less than 300°C, so we use this as a reference temperature. We assume constant thermal conductivity with a reference conductivity of 3 W/m/K. Other parameters used in our modeling are listed in Table 4 . We consider a range of aspect ratios for ellipsoidal chamber geometries from our reference case of 1 (spherical) to as high as 4, computed in cylindrical coordinates using a direct, symmetric linear solver implemented in COMSOL® with linear, triangular elements and a maximum size of 200 m.
[46] The cooling of a magma chamber depends critically on the rate of internal convection, since convective processes provide more efficient heat transfer from the interior of the magma chamber through the crystallizing walls, maintaining strong temperature gradients near the walls [Spera, 1980] . In detail, the way in which the convective heat transfer processes occur is complicated [Brandeis and Jaupart, 1986; Marsh, 1988] . Here we do not consider the small-scale physical processes that affect convective heat transfer in cooling magmas in detail, but consider the limiting case where vigorous convection is sufficient to effectively homogenize the internal magma chamber temperature up until some critical crystal content, after which there is a rapid transition to conduction-dominated heat transfer. We do so by applying a fictive thermal conductivity related to the degree of crystallization. In the models presented subsequently we consider a threshold of 55% crystallization for the termination of convection, which is likely to be an upper bound. Our objective is to bracket the likely crystallization timescales for a magma chamber: the "reference" case of a stagnant, spherical chamber provides an upper bracket, and the "simulated convection" case provides the lower bracket.
[47] The results shown in Figures 11 and 12 are presented in terms of the degree of crystallization for the entire magma Figure 11. Plots of background (i.e., wall rock) temperature versus magma chamber volume at different extents of crystallization, contoured for time (in kyr) resulting using parameters discussed in the text and Table 4 . Model assumes an aspect ratio of 2. chamber as a function of time (in kyr), as obtained by integrating over the chamber volume. Figure 11 shows background (i.e., wall rock) temperature versus volume (i.e., total chamber size) at different extents of crystallization, contoured for time for a chamber with an aspect ratio of 2. In Figure 12 , we illustrate the relative importance and effects of varying parameters to the model, such as the aspect ratio for different-sized magma chambers (Figures 12a, 12b , and 12c), varying wall rock temperature (Figure 12d) , and latent heat of melting (Figure 12f ). The gray curves on Figure 12 illustrate the potential importance of the effect of convection, which leads to nearly an order of magnitude decrease in the time required to crystallize up to 50-70% of the magma body. Assuming an aspect ratio of 2, a wall rock temperature of 300°C, latent heat of melting of 400 kJ/kg, and a volume of 65 km 3 , Figure 12e shows that it would take ∼15 kyr for a magma body of the size inferred to be appropriate for the 1912 eruption to crystallize 50%, and 45 kyr to crystallize 90%. If convection is important, then 50% crystallization could occur in as little as 2.5 kyr, and 90% could occur within 35 kyr (see gray curves in Figure 12e ). Note that layered convection would probably be required in order to not destroy the development and preservation of compositional variations.
Integration of the Numerical and Geochemical Models
[48] Returning now to the U-series data, we investigate the consequences of implementing the timescales deduced from the thermal models. In Figure 13 , the black curves represent the rhyolite AFC model assuming a stagnant 65 km 3 cooling magma chamber from Figure 12e , while the gray curves show the same model assuming a simulated convection model. Since these thermal models take into account the effects of the latent heat of crystallization and convection but do not consider the consequences of heat consumed by partial melting of wall rocks, which is required for assimilation, the timescales for both can be considered as maxima. Importantly, because the time for cooling and crystallization is short compared to the half-life of 230 Th (75 kyr) and irrespective of the cooling model assumed, the effect upon the AFC curves in the U-Th equiline diagram is quite restricted (Figure 13a ). Thus, U-Th isotopes are probably most sensitive to (variable) parental magma composition and the effects of assimilation. In contrast, the time taken for cooling and crystallization is very significant with respect to the half-life of 226 Ra (1.6 kyr), leading to rapid decreases in ( 226 Ra/ 230 Th) that come much closer to simulating the Katmai data. The results show that the data are encompassed by the end-member-scenario thermal models of stagnant and convecting magma chambers (see Figure 13b ). In essence, these bracket the likely timescales involved, but there are several observations that add further important detail to the simple time-dependent AFC models just described.
[49] As noted in Section 6, it is likely that the variation in U/Th ratios and Sr isotopes reflects variation in the compositions of the basaltic magmas feeding the system over time. This is supported by the observation that several of the andesites have higher ( 226 Ra/ 230 Th) ratios than either the basalt or basaltic andesite. Assuming that the highest ( 226 Ra/ 230 Th) ratios might be representative of the unmodified mantle signal, this suggests that the andesites probably had crustal residence times of <1000 years. Furthermore, it would appear that the andesites are generally younger (i.e., have higher ( 226 Ra/ 230 Th) ratios) than the dacites (which could be up to ∼8000 years old). Because basalt and basaltic andesite would more likely evolve over shorter time periods than the andesites [e.g., Reagan et al., 2003] , these basaltic magmas were likely to have evolved from parental magmas that had lower initial ( 226 Ra/ 230 Th) ratios than the andesites. This latter explanation would also suggest that the andesites had the same crustal residence time as the basalt and basaltic andesite, but the data do not allow us to distinguish between these two possibilities.
[50] In contrast, the rhyolites have a ( 226 Ra/ 230 Th) ratio of ∼1 and plot at higher ( 230 Th/ 232 Th) than can be achieved by any of the AFC models. This suggests that these are sig- nificantly older than the other magmas, and this age difference is estimated in Figure 9a to range from ∼50-200 kyr [cf. Jellinek and DePaolo, 2003] . Importantly, since the thermal models indicate that even the largest likely volume of magma would have solidified in a few tens of kiloyears (see Figures 11 and 12) , the rhyolites could not have resided in the upper crust as liquids. Thus, the thermal models also preclude a closed system. Instead, we suggest that they were instead formed by thawing of earlier near-eutectic, silicic materials that produced an aphyric magma. We note that the major and trace element continuity with the associated ejecta nevertheless strongly suggests that any such material was produced from magmas evolving along a similar liquid line of descent.
[51] The overall analysis leads to a preferred model in which the magmatic system was built progressively over time [e.g., Jellinek and DePaolo, 2003; Annen et al., 2008] with multiple mafic magma inputs providing both mass and heat, some of which led to thawing of an older, preexisting silicic material that provided much of the magma mass for the rhyolite. These mafic magmas were fluxing the system until shortly before, or at the same time as, the final eruption. We have not attempted to construct a coupled thermal and U-series model of this more complex (but realistic) scenario because there are too many unknown variables for this to be worthwhile at this time. In particular, Jellinek and DePaolo [2003] and Annen et al. [2008] have shown that the mafic magma supply rate is a critical parameter in such models. This can be estimated for steady state volcanic systems, but clearly Katmai is neither steady state nor typical of the Aleutian arc. Thus, we have little constraint for realistic open-system modeling. Nevertheless, the principal conclusion, that magmas ranging in composition from basalt to rhyolite had a wide range of crustal residence times, appears to be robust.
Conclusions
[52] Models invoked to explain the occurrence of large, compositionally zoned volcanic deposits that include significant volumes of rhyolite include long-lived magma chambers that evolved through closed-system fractionation, remelting of silicic plutons, and injection of rhyolite into unrelated andesitic magma chambers. The products of the 1912 Katmai-Novarupta eruption have major and trace element and thermal-redox continuity that is permissive of the first model. However, new Sr and particularly U-series isotope data, along with new thermal models, eliminate the possibility that these ejecta were derived from a closedsystem magma chamber. They require variable and minor amounts of assimilation and indicate that the different magma compositions had different crustal residence times. These residence times appear to be not linked to bulk composition in any simple way, and the system most likely was built over time with progressive mafic inputs which continued until shortly before or up until the 1912 eruption. It appears that the rhyolite was dominantly formed by eutectic melting of earlier formed and compositionally related silicic material. There is good evidence that the magmas were not generated in a deep crustal hot zone [cf. Annen et al., 2006] , the major and trace element continuity does not support models of interaction of unrelated magmas, and the rhyolite is certainly not younger than the andesite [cf. Eichelberger and Izbekov, 2000] .
[53] Accordingly, the evidence is that some combination of the first two models is most appropriate, and we envisage the following scenario: the Katmai magmatic system developed over the last few hundred kiloyears, during which time mantle input probably waxed and waned. During periods of increased flux, the magmatic system grew and became stratified, while periods of reduced flux led to greater crystallization. So long as the parental magmas had roughly the same bulk composition and were emplaced under the same pressure-temperature conditions, each batch would be expected to follow the same liquid line of descent. Thus, the major and trace element data mimic closed-system evolution of a single body of magma undergoing internal differentiation. High-silica, near-eutectic liquid at the top of the chamber solidifies but remains close to its solidus, allowing a large amount of rhyolite to be produced with a very small temperature increase. During the final period of increased mantle flux, the system volume grows, the silicic cap melts, and the combination of chamber volume and increasing volatile pressure in the differentiating magmas leads to eruption [cf. Jellinek and DePaolo, 2003] . Although this scenario is increasingly envisaged as a common one, it cannot be deduced from field observations or major and trace element compositional variation. Only the short-lived isotope data are sensitive to processes such as protracted magma build-up, differentiation, assimilation, and eruption.
